INTRODUCTION
Climate change is a significant and growing threat to the world's food supply and food security. It has already directly affected vulnerable populations in many developing countries and is expected to affect many more people in the future, even if the implementation of remedial actions began today (IPCC 2018) . Importantly, the worst-hit areas are (and will continue to be) the underdeveloped economic regions of the world, where food security is already problematic and populations are highly vulnerable to the effects of climatic and other shocks (Krishnamurthy et al. 2014 , Richardson et al. 2018 . The poorest households will likely be disproportionally affected because of their dependence on agriculture and lower capacity to adapt to changing conditions (World Bank 2010, Rosegrant et al. 2014) . Farmers in many agricultural regions already appear to have experienced declines in crop production because of climate change-ABSTRACT: Most of the studies that investigate the impacts of climate change on agriculture have concentrated on the effects of changes in mean temperature and precipitation even though the importance of volatility and risk on farmers' decision making is well documented. This study examines the empirical importance of the effects of risk associated with the impacts of climate change on farm land allocations and consequent effects on agricultural output in Zambia. We used a discrete-choice model consistent with a mean−variance utility function to model farm-level land allocations among alternative crops. Results indicate that risk-reducing decisions can reinforce crop shifts driven by climate change impacts on mean temperature and precipitation. While an analysis of the available per-capita daily nutrients reveals that farmers' crop allocation choices can mitigate the negative effects of climate change, the opportunity cost of these decisions is explored through a simulation scenario in which yield variability is reduced to zero. Reduction of yield variability leads to land allocations that result in a sizable increase in total crop production and a significant increase in available per capita daily calories. Important conclusions can be derived from this analysis. First, the risk environment matters and should not be ignored. When the economic effects of climate change are considered, decision making under uncertainty and risk should be at the forefront of the problems that need to be addressed. Second, concentrating on farm-level effects of responses to climate change is not sufficient. To understand the economy-wide consequences of climate change, the aggregate effects of individual decisions should be assessed. Third, results indicate that increased efforts in risk management and in developing policies aimed at reducing risk can lead to significant positive outcomes for the nutritional status of low-income, food-insecure populations.
KEY WORDS: Climate Change · Risk and volatility · Farmland crop allocation · Land use change OPEN PEN ACCESS CCESS induced stress (Lobell & Gourdji 2012 , Mora et al. 2015 . While climate change is ex pected to produce both winners and losers, the loss of productivity in many regions is expected to outweigh gains in other regions (Jarvis et al. 2011 , Wiebe et al. 2015 .
Until now, the effects of changes in mean temperature and precipitation have been the main focus of discussions about climate change impacts on agriculture and the quantitative modeling of those impacts. However, other analyses (Lobell et al. 2011 , Pugh et al. 2016 ) suggest that these impacts will include shifts in the timing of optimal planting and harvesting periods, increased variability in growing conditions, and greater uncertainty in predicting short-term weather events like the onset of rainy and dry seasons, complicating smallholder farmers' production decisions. Furthermore, the IPCC has repeatedly indicated that increases in the frequency of droughts are fairly likely (IPCC 2012 (IPCC , 2014 .
Generally, when estimating the effects of climate change on agricultural production, food prices, and the wellbeing of the poorest households in developing (and other) countries, economists and other modelers have focused on the impacts of average climate change effects (e.g. changes in average temperatures and average rainfall). The effects of climate change on the volatility of agricultural production, crop and livestock prices, and longer-term producer responses to the associated increased risks have received much less attention.
Economists have long been aware of the potential importance and role of risk in farmers' decision making. Baron (1970) , for example, argued that a riskaverse firm's output will be less than optimal. Sandmo (1971) showed that, under price uncertainty, a risk-averse firm's optimal output is lower than under price certainty. However, Finkelshtain & Chalfant (1991) noted that when agricultural households face multivariate risk, both as consumers and producers, as is typical for many smallholder farm households in developing countries, Sandmo's result is a special case, and farm output differs from what it would be when prices are known with certainty.
Empirically, 2 types of studies have examined evidence on risk attitudes. One approach has been to use econometric models to identify effects of risk attitudes on farm household production decisions and, by implication and through an indirect approach, to test whether farm behaviors are consistent with the assumption that farmers on average are risk-averse (e.g. Just & Pope 1978 , Saha 1993 , Chavas & Holt 1996 . The other approach has used experimental economics techniques to identify risk preferences directly, typi-cally through an array of carefully constructed lotteries in generic or stated-choice contexts (Harrison et al. 2010 , Tanaka et al. 2010 , Marenya et al. 2014 , Tanaka & Munro 2014 . In em pirical climate change studies, however, in-practice risk-neutrality is generally assumed, even though the economic literature has emphasized the potential effects of price and yield volatility on farmers' production decisions.
This paper explores the importance of accounting for risk when farmland crop allocations, agricultural production and, more generally, food security are evaluated in the context of climate change. The empirical question that motivated this paper was whether or not modeling farmers' responses to climate change requires accounting for their risk attitudes. Is risk only a second-order effect of negligible importance or, alternatively, does accounting for risk in empirical models result in quantitatively and statistically significantly different results about the effects of climate change on agricultural production and food systems? The results of this study indicate that the aggregate effect of farmers' actions, driven in part by yield and price volatility and compounded by changes in crop-growing conditions caused by climate change, may adversely affect overall production and nutrient availability at the country level. Disregarding the influence of risk in farmers' responses can lead to the formulation of poorly targeted polices and can insidiously affect a country's production of food. These findings also highlight the potential importance of innovations that mitigate the risks caused by climate change (e.g. investments in developing drought-tolerant crop varieties, irrigation systems, etc.) and providing farmers with access to efficient risk management tools.
DATA AND METHODS

Agriculture and nutrition in Zambia
While not among the African economies expected to suffer the worst consequences of climate change, Zambia is a country still heavily dependent on agriculture whose economic growth could be stifled by changing climate regimes and a higher incidence of extreme weather events. Thus, it is representative of many emerging economies around the world for which climate-proofing investments are needed, along with the development of policies that effectively address climate change risks. Agriculture is a major component of the Zambian economy, currently involving over 60% of Zambia's labor force (FAO 2016a) . Analyses of peoples' sources of food and income show that the livelihood of most rural households is highly dependent on agriculture ( Fig. 1 ) (FEWS NET 2014) . The vast majority of farmers cultivate small plots, typically less than 5 ha, using only basic inputs and technologies (Jain 2007) .
Maize, cassava, groundnut, millet, sorghum, and cotton are the most commonly grown crops. Maize is the largest source of calorie consumption, the staple food for 82% of Zambian smallholder households, and a principal source of food security (Dorosh et al. 2009 , FAO 2016a , with production concentrated in Zambia's Eastern, Central and Southern Provinces (Sitko et al. 2011) . Cassava, the second most im portant food crop in the country, is mainly grown in Zambia's Northern Province (Aregheore 2009 ). About 23% of the per capita supply of protein comes from animal products (Aregheore 2009 ), although in some provinces such as Laupula and the Northern Province, fish is the largest source of protein (Aloafe et al. 2014) . Groundnuts are a significant source of plant-based protein (Sitko et al. 2011) , while cassava provides protein, minerals, and vitamins (Sitko et al. 2011) . Roots, tubers, beans, nuts, grains, and fish products are the main sources of vitamins and micronutrients (Aloafe et al. 2014) . Only the urban populations in Lusaka, Kitwe, and Mans spend significant amounts of their incomes on fruits, vegetables, and animal protein, including dairy products (Mwala & Gisselquist 2012) .
Historically, government programs have included subsidies on inputs, fertilizer, and seed credits, as well as subsidizing transport costs in remote areas and farmer debt forgiveness programs. In the 1970s and 1980s, those programs were largely targeted towards maize, resulting in a substantial increase in production and area planted ). In the early 1990s, however, in response to budgetary pressures, the Zambian government implemented major structural adjustments to government programs and introduced agricultural market reforms (Seshamani 1998 , Govereh et al. 2006 , Mason et al. 2013 . Maize marketing and input subsidies were eliminated, and agricultural markets and trade were liberalized. In response, maize production declined, especially in Northern Zambia, and farmers reallocated land towards food crops like cassava, groundnuts, and sweet potatoes, and turned to cotton as a cash crop (Siegel & Alwang 2005 , Zulu et al. 2007 . Between 1990 Between −1991 Between and 2002 Between − 2003 s share of total smallholder crop output declined from 76−55% ) while cassava's share increased from 10−26% (Govereh et al. 2008) . Cassava is currently the second largest source of calorie consumption in Zambia (Dorosh et al. 2009 ). Cotton production increased in part because of private sector investments. In 2003−2004, 1 out of every 5 small farms planted cotton (Govereh et al. 2006 ) and between 2008 and 2012, cotton production almost doubled (Chapoto et al. 2012 ).
A model of land-use choices
Economists often estimate multi-crop econometric models derived under the assumption of profit maximization with land as an allocable fixed input to explain land use decisions by farmers (Chambers & Just 1989 , Moore & Negri 1992 , Oude Lansink & Peerlings 1996 , Fezzi & Bateman 2011 ). An alternative approach is to model land allocation decisions using a discrete-choice setting because it leads to conveniently tractable, empirically relevant model specifications (Wu & Segerson 1995 , Miller & Plantinga 1999 , Livingston et al. 2008 ). More recently, Carpentier & Letort (2014) showed that, under reasonable assumptions, discrete-choice models (and specifically, multinomial logit models) can be interpreted as solutions to a farm's land-use optimization problem based on profit maximization. However, as Carpentier & Letort (2014, p. 541 ) state: 'the [multinomial logit] framework imposes non-jointness restrictions of the multicrop technology in variable inputs, in outputs and in acreages.' A direct consequence of these restrictions is that the non-jointness of the quasi-fixed input requirements with respect to variable input uses can only hold in the neighborhood of the current level of input usage. Thus, the multinomial logit model framework cannot be used to make long-term projections regarding crop allocation shares. As such, our objective was not to make precise predictions about future land-use patterns in Zambia, but rather to gain insights into the possible importance of risk in farmers' crop allocation decisions when they are exposed to climate change. That provides an insight into how current farmers, as portrayed by available surveys, would respond when exposed to climate change. In this formulation, farmers are assumed to be constrained by a fixed amount of land, their current levels of human and social capital, and the technologies currently available to them. In reality, the passage of time provides farmers with flexibility in the use of all factors of production. This flexibility could accentuate or moderate land reallocations across crops that occur in the short term. Even with these limitations, a discrete-choice model can show that, when dealing with climate change, risk should not be viewed as a second-order effect that can be ignored because it is overpowered by the long-term effect of changes in temperature and precipitation means.
To shed light on this issue, we followed an approach that stands at the intersection of the work of Chavas & Holt (1990) and Wu & Segerson (1995) . Specifically, we modified Wu & Segerson's (1995) mo del to include farmers' risk attitudes, which can af fect their land allocation choices. The household, which is assumed to be a price-taker, maximizes expected utility derived from farming available land holdings by allocating area a j to each available crop j:
where E is the expected value, U is a utility function describing the impacts on the decision maker's utility of the level of profits (Π), and their volatility (Ω), and their prodcution costs (C ) conditioned on wealth (W), including land endowments (A). This implies that there is an optimal area allocation function F, where a* j = F [Π, Ω, C, W, A] to each crop that solves the farmer's utility maximization problem. Through the use of a set of assumptions about functional form and the distrib ution of the unobserved components of the utility function (details provided in Text S1 in the Supplement at www. int-res. com/ articles/ suppl/ c079 p039 _ supp. pdf), we can reformulate the household's problem in terms of crop shares (the fraction of farm land allocated to each of the 1 to J crops, s j ) and express the maximization problem as follows:
( 2) We estimated 2 model types: a standard multinomial logit model and a 2-level nested multinomial logit model (see Fig. 2 ). In both models, the probability of a crop being chosen is interpreted as the share of the available land to be allocated to the crop (Theil 1969 , Berry 1994 , Greene 2003 . Nested multinomial logit models are estimated sequentially under assumptions analogous to the multinomial logit model, but with the error terms for crop shares correlated within each nest and uncorrelated among nests.
The data
The data used to estimate the land-use models were obtained from multiple sources. These include nationwide survey information on individual farm households that identified the district in which the households were located, simulation-based, district-level information on crop yields, transportation costs, and weather data, and province-level information on crop prices. Cross-section data on farm practices and household characteristics of a country-wide stratified sample of 5319 smallholder farmers were obtained from the 2004 Zambia Rural Income and Livelihoods Survey (Central Statistical Office 2012). The survey, which sampled households from 72 districts, is representative at the provincial level and, together with farm and household characteristics (see Table 1 ), provides information on land allocations and cropspecific revenues for the 2003−2004 crop year. A total
of 6 crops were selected to be modeled based on their importance and the data available in the survey: maize, millet, sorghum, cassava, groundnuts, and beans. These crops occupy 63% of all land allocations reported in the survey. The land allocated to all other crops, including land in fallow, were grouped in a category called 'others'. Land reported as fallow accounted for approximately 58% of the 'others' category.
Household data
The number of household members and the reported value of agricultural assets (i.e. the value of farming tools and machinery present on the farm) was used to control for the implicit management cost of allocation choices and binding constraints on potential allocations derived from limiting quantities of quasi-fixed inputs. As proxies for household wealth, we used 2 variables: the number of livestock owned and the declared off-farm revenues reported by the household. The size of the land farmed by each household was reported in the household survey.
Revenues, costs, yields, and volatility
The 2004 Zambia Rural Income and Livelihoods Survey reported crop yields and crop-specific revenues but did not provide information on cropspecific production costs. To account for their effects on land allocation choices, we used the cost of offfarm labor for one day's work, the unit cost of fertilizers reported in the survey, and we accounted for transportation costs by including a cost-of-access measure based on time to the nearest city of 20 000 people (Nelson 2008) . Given that we could only identify the district in which each farm was located, the median value of the cost-of-access measure was used for each district. To account for variability within the district, we included the inter-quartile spreads to capture the heterogeneity of this measure at this level of geographical disaggregation.
Other factors can constrain a household's crop allocation choices by limiting the time in which field activities can be carried out (e.g. field operations like sowing, harvesting, processing). While these management costs were not recorded in the household survey, we controlled for them by including the values of median temperature and precipitation in the set of explanatory variables, given that these 2 variables affect the timing and cost of field operations. The weather data used to construct these variables consisted of historical climate information reconstructed by the National Centers for Environmental Prediction (NCEP) model covering the years 1950− 2010 (Kalnay et al. 1996) . The daily precipitation values were refined to match the data gathered by the Global Precipitation Climatology Centre project at the monthly level, since they are believed to be more reliable (Rudolf et al. 1994 , 2003 , Back et al. 2005 , Rudolf & Schneider 2005 , Schneider et al. 2011 . Diversity within the district was proxied by computing the inter-quartile range of values. Furthermore, given the relatively rigid roles that men and women play in agriculture in Zambia, we accounted for the gender of the head of household, which, with their differing knowledge bases and abilities, can have an effect of the costs of production for particular crops.
Time-series data on crop prices for maize, millet, cassava, beans, sorghum, and groundnuts at the province level for the period 1994−2012 (Central Statistical Office 2014) were used to compute alternative estimates of price volatility for each crop. The assumption was that, even though some prices included in the estimates of standard deviations were observed after the cross-sectional household sample was collected in 2004, the volatility reflected in those prices reflects the crop-price data-generating process extant in 2004. While alternative land-use models were estimated using several different measures of price volatility, results are reported only for models that used simple 'raw' estimates of crop price standard deviations computed using nominal prices and standard deviation estimates based on de-trended prices. The signs of the parameter estimates did not vary across alternative measures of price volatility, but models utilizing simple standard deviations as measures of price volatility were consistently preferred when log-likelihood values were compared across models.
Yield distributions for each crop were generated using the Decision Support System for Agrotechnology Transfer (DSSAT; Jones et al. 2003) . Crop yields were obtained using historical daily weather in DSSAT. The approach we followed was to combine information on weather variables and soil type at the district level to generate yield distributions for each crop using the DSSAT crop model. Specifically, we directly modeled the following crops under rainfed conditions: beans, cassava, groundnuts, maize, millet, and sorghum. Daily weather observations were available at a geographic resolution of 0.5°, and consisted of 46 yr drawn from the second half of the 20 th century and the early portion of the current century.
The size of the half-arc-degree grid-cell varied with latitude. For locations close to the equator such as Zambia, this corresponds to a square of approximately 50 × 50 km. At each location in Zambia, the growth of each crop was simulated with the daily weather of each of the 46 yr and with 3 different planting months (October, November, and December) . The choice of planting month was based on which one returned the highest average yield over the 46 yr period. Yearly yields generated in this way were used for computation of the crop-specific yield variability measures. Each crop experiences the same weather in the same years, so the yields generated for each crop can be directly compared. This is important from a risk perspective because a lowyielding crop could be more valuable than its mean yield implies if it does comparatively well in years when higher yielding crops do poorly. Since more than one DSSAT grid cell is present in each district, an average value for each district was used. Additionally, the inter-quartile spreads within the districts were computed to provide an indication of how much hetero geneity is present. The same procedures were then used to generate estimates for yield changes and yield volatilities under the climate conditions projected for 2050.
Yields, precipitation, and temperature
under future climate conditions Yields, yield variability, and future precipitation and temperature (in the middle of the century) were obtained by applying climate change patterns ex tracted from MIROC-ESM-CHEM under RCP8.5 (Watanabe et al. 2011) to the historical daily weather. Raw climate change data were obtained from the Potsdam Climate Institute (PIK). In those data, the daily raw general circulation model (GCM) outputs were spatially resampled to a 0.5° grid and then de-biased to match appropriate historical benchmarks (Piani et al. 2010 , Weedon et al. 2011 , Hempel et al. 2013 , Müller & Robertson 2014 . Those daily timeseries data were aggregated to monthly averages over 3-decade periods to provide a baseline/historical set of monthly averages (1981−2010; centered on 1995−1996) and a future case (2041−2070; centered on 2055− 2056) . The changes between those periods were extracted and then applied to the daily weather as additive shifts for temperatures and scaling for precipitation and shortwave solar radiation. The result is a set of future daily weather realizations that are exactly analogous to baseline weather, but em body the climate anticipated by the GCM. Note that this is still more-or-less a mean shift effect and that variability in weather (both dayto-day and year-to-year) is based on historical patterns; therefore, future weather outcomes are based on the historical variability of temperature and rainfall but in the context of average levels that account for the changed climate. For this study, we used climate change data from MIROC-ESM-CHEM under RCP8.5. These daily weather realizations were used in DSSAT following the same method described earlier to derive yield changes due to the changing climate as well as yield variability. The differences in the DSSAT-simulated yields for the years 2004 and 2050 were then applied to the yields recorded in the survey to calculated crop yields in 2050. A complete list of variables and variable definitions together with data on sample means, ranges, and (where relevant) standard deviations for each variable is presented in 
RESULTS
Estimation results
We estimated several alternative discrete-choice land-use models. Pa rameter estimates are reported in Tables S1 & S2 in the Supplement for 4 models that are representative of the results we obtained 1 . The first is a multinomial logit model which uses all the variables present in the nested logit model, including the variables that account for the variability of crop revenues. The second is a nested logit model (as described in Fig. 2 ) that relaxes across nests the independence of irrelevant alternatives (IIA) assumption implicit in the multinomial logit specification. Likelihood ratio tests indicated that a nested logit model is preferred to a multinomial model. The third and fourth empirical models were estimated to examine whether the in clusion of a range of explanatory variables is warranted. Model 3 is a nested logit model that excludes ex planatory variables that account for risk but otherwise has an identical set of explanatory variables. Finally, model 4 is also a nested logit model but omits temperature and rainfall, 2 of the explanatory variables that attempt to control for the field operation costs that are affected by weather conditions.
Log-likelihood ratio tests indicated that that a nested logit model that includes the risk-related variables and the variables to control for costs of production is preferred over the others. In all nested logit models, other variables generally have the same signs. One difference is that in the model that includes the risk-related variables, more of the parameter estimates for crop revenue variables are statistically significant, while generally retaining the same expected positive signs.
The signs of the estimated parameters corresponding to the risk-related variables included in both the nested logit and the multinomial logit model were as expected (that is, negative, which indicates that all things being equal, an increase in volatility de creases the attractiveness of that crop or nest being chosen) with one exception (the risk-related variable for maize in the nested logit without the weather variables). In the nested logit model, the estimated riskrelated variable parameters were also statistically significant for all crops except maize and cassava.
The results also indicate that including farm size as a determinant of land allocation in crop share models may be important. The parameter estimates for farm size in the nested logit model suggest that as farm size increases, a greater share of available farm land is allocated to group-1 crops (a group that includes maize and the 'others' category). The nested logit model, however, cannot indicate whether within that group a larger share of land is being allocated to both maize and the 'others' category or only 1 of the 2 land uses. The parameter estimates for farm size in the multinomial logit suggest the increased share of land allocated to group-1 crops will be concentrated on the 'others' crops. All farm size parameter estimates were negative, indicating that all crops become less attractive than reference category crops ('others') as farm area increases. It is useful to remember that the 'others' category includes 2 cash crops, sugarcane and cotton, along with fallow -which suggests that at the farm householder level, larger land holdings may lead to an increase in crop diversification and act as a form of risk management.
Households headed by women tend to allocate less land to group-2 crops, which include cassava, millet, and sorghum, and more land to group-1 crops (maize 45 1 It is possible that spatial effects are present at multiple levels: district to district, province to province, village to village, household to household. And it is also possible that some omitted variables cause spatial correlation in the error terms. We do not have sufficient data to fully control for these effects, although our estimated model includes a series of explanatory variables that should account for the direct influence that the surrounding environment might have on land-use decisions made in a particular location (e.g. inter-quintile ranges for distance and elevation). One alternative model specification we tested included 2 additional explanatory variables representing latitude and longitude of the district where the observation is located. This type of correction is likely to be helpful when the spatial effect is caused by an unobserved variable that varies linearly over the area. While the inclusion of these variables changed the value of parameter estimates, it did not change the signs of any of the other parameters and did not meaningfully affect the overall results. and 'others') and group-3 crops (beans and groundnuts), which are protein crops. This result is consistent with anecdotal evidence, also observed in the field by the authors that, traditionally and culturally, men favor the production of maize while women allocate the land they control to vegetables and legumes. The labor cost variable also has a similar effect; higher off-farm wages reduce the amount of land allocated to group-2 crops. Parameter estimates also suggest that higher fertilizer prices reduce the amount of land allocated to group-1 crops (which include maize) and increase the amount of land allocated to crops in the other 2 groups. The results also indicate that as average rainfall increases and the inter-quartile range for rainfall increases, land is reallocated from the 'others' category to maize, millet, cassava, sorghum, groundnuts, and beans. As average temperatures and the inter-quartile of temp eratures increase, land is reallocated to the 'others' category from maize, millet, cassava, sorghum, ground nuts, and beans. Households with more assets and a higher number of household members are likely to allocate less land to group-2 crops and more land to group-1 and -3 crops. According to our parameter estimates, an increase in off-farm revenue increases the share of land allocated to crops in groups 1 and 2.
Simulation results
Effects of temperature and precipitation vs. volatility
The nested logit model permits an evaluation of the relative importance of changing mean temperatures and precipitation values vis-a-vis the effects of changing revenue volatility. To examine this issue, we used a comparative statics approach with projections from 2 alternative simulations. The first simulation examines changes in land allocations in response to the temperatures and precipitation expected in 2050 and their effects on crop revenues -holding revenue volatility constant at 2004 levels. The second simulation projects changes in land allocations when, given the impacts of climate change on yield volatility, the revenue volatility expected in 2050 is used -keeping rainfall, temperature, and yields constant at 2004 levels. Fig. 3 shows the projected average land allocations using the 2 different modeling settings and the projected average changes with respect to the allocations recorded in the survey in 2004. While the effect of changing revenue volatility generally appears to be smaller than the effect of changing temperature and precipitation, it does not appear to be negligible. For example, the change in the share of farm land allocated to maize caused by the change in yield volatility is about 12% of the change caused by future mean temperatures and rainfall. For cassava, the change in yield volatility is about 30% of the impact caused by the change in average climate conditions. Furthermore -and this is particularly important for maize and cassava but true for all crops -temperature-and rainfall-induced and risk-induced changes appear to have the same sign and therefore compound their overall effect.
Effects of climate change on farm land allocations and country production
The same comparative statics approach can be used to simulate the cumulative, country-level effects of climate change on land allocations by aggregating the decisions made at the farm level in response to changes in temperatures, precipitation, yield, and yield variability projected for 2050. Prices and price volatility are fixed at their 2004 levels, implicitly assuming that climate change will not have an appreciable effect on relative crop prices and that future Table 3 provides information on the average change in land allocations at the farm level for households surveyed, caused by the shift to 2050 climate conditions. In the sample, average farm size is ap proximately 1.5 ha and the projected average chan ges are relatively small. The most important change appears to be a transition away from maize in favor of all other crops, particularly cassava. For maize, the median change is a reduction of 0.30 ha and for cassava, an increase of 0.29 ha.
The upper and lower quartiles reported in Table 3 give a sense of the variety of land allocation outcomes that result from the diverse local conditions farmers face. Results indicate, for example, that some households increase the amount of land they plant to maize even though the overall area planted to maize declines. Similarly, some farmers reduce the amount of land planted to sorghum and groundnuts even though the overall area planted to groundnuts in creases.
To appreciate the regional and country-wide impacts of the relatively small land reallocations that occur at the farm level, those household-level effects must be combined with the biophysical character istics of the locations where the land use changes are taking place. The cultivation of a given crop seems likely to shift toward areas where growing conditions become more favorable as climate conditions change. These locational shifts in the production of a crop may be important for total country-wide production and are driven by the relative changes in growing conditions vis-a-vis local biophysical characteristics. For example, on average, maize production is pro- jected to decrease in all districts but its proportional decrease is smaller in nor thern areas. Essentially, maize production appears to migrate toward the north of the country (Fig. 4) where traditionally maize is less common (Fig. 1) but where, according to climate models, precipitation is projected to in crease. Note: The values reported are differences from the country mean change in land allocated to maize. To evaluate climate change im pacts on crop production at the country level, recalling that the household survey is statistically significant at the provincial level, we aggregate projected household-level decisions and, for each province, calculate the changes in shares allocated to each crop. Total output effects are computed using the projected provincial shares and DSSAT-derived changes in yields given 2050 climate conditions.
Results are reported in Fig. 5 where baseline production ('baseline−2004 yields'), production under the 2050 climate but no changes in land allocations ('baseline−2050 yields'), and production under the 2050 climate compounded with shifting land alloca-tions ('2050 yields and full volatility') are displayed. We report dry matter values to be consistent with the crop model's output and reduce the possibility of errors in properly accounting for moisture content. At the national level, deteriorating growing conditions lead to a significant reduction in output of most crops without changes in land allocations. These reductions are exacerbated by farmers' responses in the case of maize (output is reduced by approximately 566 million tonnes [Mt] dry matter) and beans (output decreases by 46 Mt yr −1 ). These losses are compensated by increases in the output of sorghum (105 Mt yr −1 ), millet (57 Mt yr −1 ), cassava (185 Mt yr −1 ), and groundnuts (53 Mt yr −1 ) when land use reallocations are simulated. The net effect of land reallocation is a reduction in total dry-matter yearly output of 211 Mt compared to the 2004 baseline, but an increase of some 114 Mt compared to production if land allocations had not changed.
We obtain insights about the effects of farmers' responses to increased risk by comparing the simulated land allocation using the model that ac counts for the volatility in net reve nues with the simulated land allocation im pacts when yield volatility is reduced to zero leaving price volatility unchanged (displayed in Fig. 5 as '2050 yields; yield volatility reduced'). While this is an admittedly unrealistic scenario, it provides an upper-bound for the effect of reducing yield volatility 2 . Land still transitions away from maize but the transition is mitigated when risk is reduced. In addition, in stead of a significant in crease in cassava production, cassava production ac tually declines. revenue volatility by setting yield variance to zero leads to an increase in production of millet, sorghum, groundnuts, and beans. In this simulation, land reallocations lead to an increase in an nual total dry-matter production, aggregated across all crops, of about 20 Mt. These results indicate the potentially important benefits of mitigating the ef fects of climate change on crop yield distributions. We explored the crop production outcomes under 2050 climate conditions using the model specification that does not account for net revenue volatility. While there are some differences in the magnitude of the projected changes, they are qualitatively similar to the model that reduces yield volatility to zero. This provides an indication of the potentially significant errors that could occur if the risk effects of climate change on land allocation decisions were not taken into account.
Potential impacts on nutrition
Our results show that climate-induced changes in temperatures and precipitation have the potential for significant impacts on production. The existing literature already shows how climate change will likely affect several of the dimensions that determine people's food security status, from direct availability of food products to their accessibility (FAO 2016b , Fanzo et al. 2017 . Furthermore, new research on the links between nutrition and climate change indicates that some grains and legumes have lower concentrations of zinc and iron when grown under elevated CO 2 concentrations (Myers et al. 2014) , with poten-tially important adverse impacts on the nutritional status of affected populations. Our simulations indicate that shifts in land-use patterns associated with increased yield and revenue volatility at the farm− household level may also have additional effects on the availability of nutrients to smallholders. We explored the potential nutrition effects of changes in the availability of 6 crops included in the analysis by comparing production under 2004 and 2050 climates. To evaluate the nutritional content of the different levels of production, information on nutrient content for maize, millet, sorghum, cassava, beans, and groundnut was collected from the USDA National Nutrient Database (USDA 2015) . Using this information, the country-wide total calories, protein, carbohydrates, vitamins, and minerals available in the 6 crops are then computed in each scenario. Table 4 summarizes the estimates of per capita nutrient availability under the 4 scenarios evaluated in the previous section. The analysis indicates the negative impacts that climate change could have on nutrient and calorie availability. It is only through a reallocation of land across the different crops that the adverse nutrition effects of climate change are mitigated. Per capita daily calorie availability is reduced by 272 kcal without land reallocations and by 226 kcal with land reallocations. Further, the reallocation of land to cassava and groundnut production leads to an increase in the amount of vitamins available. The differences are striking when the scenario with reduced volatility is considered. Notwithstanding the negative effects of climate change on yields, the resulting reallocation of farm land to the different crops leads to an increase in daily available calories by more than 233 kcal and an overall increase in the availability of all other nutrients. Clearly, a population's nutritional status does not depend solely on domestic production. However, evidence suggests that in rural and subsistence conditions, the diversity of diets consumed by infants and young children is directly related to diversity in agricultural production in semi-subsistence households, most specifically for children over the age of 24 mo (Kumar et al. 2015) . The evidence presented in this study indicates that, in the context of climate change because of the role of risk in farm production decisions, changes in the volatility of crop revenues also have important and complex effects on the nutrition content of the basket of goods available for consumption in the country. This finding reinforces the importance of including risk in mo dels and analyses, and how instruments that mitigate risk could have important effects not only on production but also on nutrition.
DISCUSSION AND CONCLUSIONS
Climate change is a significant and growing threat to food security that is already affecting vulnerable populations in many developing countries and is ex pected to affect more people, more areas, and more farmers in the future. Farmers react to climate change by adjusting their production process in ways that attempt to preserve incomes and consumption. It is well known that price and yield volatility, and more generally risk, matter in farmers' decisions, and many studies have evaluated the effects of risk on decision proces ses at the farm level. Here, we examined some of the potential effects that climate change may have on farm land allocations by taking into account farmers' risk and risk-avoidance preferen ces. Further, this study also investiga ted the aggregated country-wide effects of individual farmers' decisions and the potential implication for total production and nutrient availability under a projected 2050 climate regime.
While the results of this study should not be interpreted as expli cit forecasts of what production and land use will look like in Zambia in 2050, they de monstrate that climate change impacts on the risk environment in which farmers op e rate have substantial and quantitatively important effects on their production decisions. Those risk-related effects on land allocation decisions are in addition to, and compound with, those associated with the impacts of climate change on expected yields, which have been the major focus of most previous studies of climate change impacts on agricultural land use and production. Plans and policies that do not account for risk could potentially fail to include a significant component of the ef fects of cli- The empirical results confirm our expectations about the strategies farmers are likely to adopt to mitigate the additional risks caused by climate change. Farmers shift land from higher-risk crops toward lower-risk crops. In Zambia, this leads to a shift away from maize production towards cassava, millet, sorghum, and groundnuts, whose 'riskiness' ap pears to decrease relative to maize in the projected 2050 climate regime. From the perspective of a single household, this reallocation of resources is a per fectly rational way of diversifying production to handle the new risks deriving from increased temperature and lower precipitation. This is also reflected in per capita nut rient availability. The negative effects of climate change are mitigated after farm land is reallo ca ted to crops that seem to be more resilient to the degrading growing conditions projected for 2050. From this perspective, land reallocation appears to be a successful strategy.
The findings also indicate that farm size could play a potentially important role in climate changerelated risk management. Larger farms seem to be able to allocate more land to cash crops like sugar cane, cotton, and vegetables and can therefore take advantage of multiple markets. In addition, they can devote more land to fallow, a practice that restores soil fertility and improves soil water retention.
The analysis of the aggregate effects of individual farmers' responses to climate change yields a somewhat different picture. The cumulative country-wide annual output of the crops included in the analysis, measured in dry matter, is estimated to decrease by 211 Mt, mainly because of the projected decrease in maize production. To the extent that maize is an export crop, this climate change-induced shift could also have detrimental effects on Zambia's foreign exchange earnings, with possibly larger associated effects on other economic sectors and the country's long-term economic growth potential. It is important to note that the aggregate effects on crop production derive from land reallocations, changes in growing conditions, and the resulting shifts in the location of crop production. In Zambia, for example, maize production shifts toward the north of the country. This result highlights the importance of accounting for the cumulative effects of individual decisions vis-a-vis the spatial characteristics of the location where production takes place. For example, accurate planning of long-term infrastructure investments such as irrigation schemes should therefore account for these interactions.
It is important to note that while the econometric model indicates that risk influences farmers' land allocation decisions, given the estimation procedure, risk-variable parameter estimates show the 'average' effect of changes in that variable for all households. However, the models for which results are reported here do not provide different parameter estimates for farm households that differ by farm size, livelihood, or other characteristics. Thus, the results do not provide insights about differences among farm groups with respect to their quantitative responses to risk. An interesting and important extension to this research would be to investigate whether that effect is consistent across all types of households and regions or if there are differences that can be related to characteristics of individual farms or regions. New surveys, which are now becoming available and contain georeferenced data on households, can therefore substantially improve the analytical capacity of models like the one presented in this study and deserve serious consideration.
The simulations that examine the effects of reducing crop yield volatility also provide insights about the opportunity costs of farmers' choices driven by their riskaverse behavior. The results indicate that there may be substantial overall benefits from in novations in crop varieties that reduce yield volatility and increase crop resilience to adverse, climate change-induced growing conditions. Policies direc ted to those objectives, such as improved varieties, new agronomic practices and technologies, and ef fective public investments in irrigation and flood control systems, may also generate substantial social returns.
Farmers' actual responses to climate change are likely to evolve over time as crop growing conditions change incrementally from one year to the next and deteriorate in certain locations and for certain crops. Therefore, policy makers at both the global and country level have the opportunity to develop res ponses that enable agricultural producers to mitigate these impacts. These responses include facilitating the development and introduction of new production technologies and varieties, and the use of information and communication technologies that provide timely and accurate weather forecasts and input/output price information. All these options require that policy makers be aware and understand the importance of managing the new and exacerbated risks brought about by climate change. This awareness also depends on the capacity of the research community to include the impacts of shifts in the farmer's risk environment in their quantitative assessments of the effects of climate change on agricultural land use and crop production.
